Increasing demand for growing high quality laser crystals puts a question about their most important parameters that
Introduction
Increasing demand for good quality laser and non−linear optical (NLO) crystals results in a question "what the crystal should be alike to meet all or almost all of its potential appli− cations?". There have been so many important optical and physical parameters to be considered here that one should rather think of a certain compromise, than to dream of an "ideal" crystal that will possess all of the best possible parameters. One tried to answer this question about 10 years back when basic measurements were performed on the new class of crystals, namely ReCa 4 O(BO 3 ) 3 (ReCOB) , where Re is a rare−earth element. It seemed that due to their mag− nificent properties, these crystals will soon wipe out their predecessors, like KTP or BBO, in nearly all of NLO appli− cations. Although this answer is basically true, we would not dare to say that ReCOB will become the only group of NLO crystals that will survive in the future. Nevertheless, anticipating a further development of ReCOB, and a certain retreat of the "elder" crystals, we have made a review of this class of materials, and especially this of GdCOB, which is currently the best worked−out crystal among the others. However, it is evident that one should perform new experi− ments in the future to measure additional parameters, like natural birefringence or thermo−optic coefficients in crystals doped with various ions as functions of doping level. From this analysis it also follows that data on non−linear optical coefficients are still unsatisfactory. There have been too many discrepancies in different publications about these parameters, so this is still uncertain whether, e.g., PMAs in SHG, that have been published in the literature for GdCOB, are really the optimal ones.
In second− and higher−harmonic generation, it has been a very well known fact that thermo−mechanical properties, like thermal conductivity, thermal expansion coefficients and specific heat, may play an equal role to adequate optical pa− rameters. The reason for this is clear enough when we con− sider that even a small change in temperature of the crystal, through adequate small changes in refractive indices, may, however, lead to a considerable change in the PMA. There− fore, an efficient cooling is usually required to avoid or limit this undesired phenomenon. This phenomenon can be to a large extent evidenced in Fig. 1 . SHG is being diminished in 90% in a hypothetical crystal when its temperature in− creases by only 2.5°C. This does not mean that the tempera− ture is non−uniform along the crystal. It simply and slightly in− creases above a certain level for which all of the parameters governing the PMA, namely the refractive indices and the non−linear coefficients, have been calculated or measured. The smaller is the influence of temperature on the refractive in− dices (derivatives of this function are known as thermo optic(al) coefficients), the lesser are fluctuations of the SH power.
Since first attempts of Aka and co−workers in 1996 to grow a 1" GdCOB by the Czochralski method, we could see a considerable progress in growing larger crystals which could also exhibit equally good or even better optical and lasing properties [2] . However, as late as in 2001, i.e., 5 years later, Hu et al. discovered that these crystals usually contain the core in their central parts, which is developing along the growth axis [3] . However, since then, none examined this phenomenon and tried to discover whether the core is poten− tially useful in optical applications. One should be very care− ful here, since, e.g., in the YAG crystals the core by all means is a parasitic part and should be avoided when one is cutting out wafers or slabs for opto−electronic elements.
Fortunately, we have evidenced that the core in GdCOB is generating the SH equally well to the remaining part of the crystal. Nevertheless, this is still uncertain whether the core influences thermo−mechanical properties of the crystal. Also none measured refractive indices in the core itself. Besides, it is almost certain that prisms, which are being cut out from GdCOB crystals for measuring the refractive indi− ces (minimum deviation method), contain the core which is large, and can occupy about 20-25% of the crystal diameter. This also means that the refractive indices for GdCOB, which have been published in the literature, are averaged values for the core, and the pre−core regions.
Since 2001/2002, when we grew our first 1" crystals, we have now arrived at 2" diameter, and ab. 4" long crystals. By roentgenographic and optical methods, we have evidenced that the crystals are free from macroscopic defects, like twins, inclusions, microcracks, etc. Dislocation level is moderately low. It is worth noting that unlike some other crystals, the GdCOB can be pulled by the Czochralski method from the congruent melt. This means that we can achieve the crystals of equal quality from one pulling process to another. Besides, unlike KTP and K(D)DP, which are hygroscopic, and BBO, which is slightly hygroscopic, the GdCOB is stable, and does not require a suitable encapsulation. One also should think of the Czochralski process itself here. An economic view, i.e., possibility of growing large crystals of equal quality from top to bottom, should also be considered as a certain advantage of such crystal over another ones received either from liquid solutions or from vapour.
Since this is still unclear whether those PMAs, which have been calculated in the literature, are really optimal ones, we have not paid a particular attention to cutting numerous samples for generating the 2 nd harmonics at different wave− lengths. Our aim was to show that GdCOB is capable for gen− erating numerous wavelengths from the same sample, and to our best knowledge our experiment with red light has been the second such experiment in the world.
Criteria for a good optical crystal
Does a perfect optical crystal exist in nature or can be grown by an artificial method? Since about 50 physical and optical parameters are being measured to describe crystal's prop− erty, by no means this is an easy question to be answered. In terms of "large" or "small" values we can usually describe its lasing properties: large (damage threshold and absorption at pumping wavelength), and small (pumping threshold and absorption at lasing wavelength). However, e.g., the fluo− rescence lifetime at the upper lasing level does not undergo this simple criterion. One can easily imagine that to get high frequency lasers for telecommunication purposes, this should be rather small, while in order to get enormous pow− ers in giant pulse generation one should aim toward larger lifetimes. In second and higher harmonics generation, one should aim at large effective non−linear coefficient, as well as the acceptance angle, while absorption at SHG wave− length and walk−off angle should be kept lowest possible. Do these parameters can be altered facing the fact that the crystal has got a fixed chemical formula and usually can be grown in a single crystallographic phase only? The answer is yes, since almost all of these parameters depend on orientation of the crystalline slab. Besides, by doping the crystal with different ions we can, to a certain extent, mod− ify its physical and optical properties.
Among the parameters, one should also mention affinity to water (hygroscopic, slightly hygroscopic, non−hygrosco− pic) and its thermal properties. It is very important that the crystal should be non−hygroscopic, which is not the case of KTP and K(D)DP, i.e., one of the most widely used crystals in non−linear optics. Obviously, it is much better that the crystalline slab does not need to be inserted into hermetic en− capsulation. A lack of this encapsulation can also imply a better cooling of the crystal (Sect. 1). Water cooling, used from time to time, is very efficient providing that even traces of water vapour will not be absorbed by the crystal itself.
Since cooling is so important, one may expect that ther− mal conductivity should be large, while thermal expansion coefficients small. However, by all means, these are the ther− mo−optic(al) coefficients (TOC) which are most important among all of the thermal parameters of the crystal (Sect. 1).
One should also mention two more important factors that are usually neglected in this analysis. It is very impor− tant that the crystal should be easily cut, lapped, and pol− ished. Besides, one should always remember about eco− nomy of the process, i.e., that the crystals should be firstly manufactured on economic scale, and the conditions of growth should be repetitive from one process into another. Czochralski growth seems to fulfil the both conditions.
Let us switch now to basic non−linear optical properties of different crystals (Table 1) .
Crystals belonging to ReCOB group are only slightly lesser transparent in the UV region, when compared, e.g., to KDP. On the other hand, however, they have got noticeably larger effective non−linear coefficients d eff , which is very important in SHG. GdCOB has got magnificent angular acceptance, although one can anticipate some problems associated with its thermal properties. In practical circum− stances, only a couple of non−linear coefficients play impor− tant role in calculating d eff ( Table 2. ). Adequate azimuths have been displayed in Fig. 2 .
However, as usual, "the devil is in the details". If we compare the results obtained by different authors (Table 3) , we may think that either someone was greatly mistaken about his experiment, or the methods of measurement are not so precise as declared by the investigators. Although one can always imagine that quantities calculated from dif− ferent theories may vary considerably, like in the case of d 33 from 0.09 [11] to MINUS (!) 1.236 [8] , much harder this can be accepted in the case of measured quantities: 0.89 [8] to MINUS (!) 1.89 [6] . Since d ij are directly used in calculat− ing the effective coefficient d eff (Table 2) , and this coeffi− cient is crucial in SHG, one can never be sure whether the values of PMA published in different papers are really opti− mal ones. There is no room to cite all of these PMAs from the literature in this paper. However, we can say that diffe− rent investigators usually use their own PMAs, and we believe that they are convinced that "their" just match the optimum. A good way to follow would be to check several orientations of the slab in practical experiment. This was done, e.g., in the papers by Lu et al. [12] and by Wang et al. [13] . The latter used nine differently oriented slabs and arrived at conversion efficiencies in 1064/532 SHG of 3.3 to 48%. However, the problem in these experiments is that their results have not been verified by other investigators.
As mentioned before, thermal properties of the crystal play an equal or even a larger role, compared to SHG parameters. Since thermal properties are dependent on direction in the crystal, by no means one should be optimi− zing PMAs and d eff neglecting, or even degrading its ther− mo−optical properties. In Table 4 −optic(al) properties of several crystals were provided. As it can be seen from this table, only cesium lithium triborate (CsLiB 6 O 10 or CLBO), which is also an excellent non−linear optical material with an outstanding ability for SHG, can be somewhat competitive with GdCOB here. However, by no means such can be KTP or BBO, and especially KDP, which have got extremely large TOCs. Nevertheless, this coefficient can be even larger in some semiconductors, as well as in diamond, which, on the other hand, has got mag− nificent thermal conductivity and is usually exploited just as a heat sink. Last, but not least, one should mention thermal conduc− tivity itself. Providing that cooling of the slab has not been well designed, this can also play an important role, degrading SH power. We refer here to the work of Mougel et al. [14] , who gave a suitable comparison of several crystals. The ther− mal conductivity in units of W/mK, and taken as an average (they exhibit anisotropy in low symmetry crystals) are as fol− lows: BBO (1.6), GdCOB (2.0), KTP (3.0), LBO (3.5), YVO 4 (5.0) and YAG (10.0). YAG is also being used as a heat sink. Taking anisotropy into consideration, at room temperature, the thermal conductivity of GdCOB varies as follows: 1.32 (|| Y), 2.17 (|| X) and 2.40 (|| Z), respectively [14] .
Crystal growth and characterization
GdCOB single crystals, either undoped or doped with neo− dymium or ytterbium, were pulled by the Czochralski me− thod using Cyberstar Oxypuller 03-05 equipment (Fig. 3) .
Thermal system consisted of iridium crucible of either 50 (for 1" crystals) or 100 mm (for 2" crystals) diameter, and a passive iridium afterheater. Inductive heating with Hüttin− ger generator was used. Pulling rates (V) in the case of the largest 2" crystals varied from 0.8 to 1.0 mm/h, while the rotation rates (W) were adjusted between 8 and 10 rot/min, respectively. The crystals were usually pulled in the auto− matic mode, i.e., their diameters were automatically con− trolled by the computer program.
We grew undoped (in a test experiment), Yb doped (not described in this paper), as well as 1, 4, 7, and 12 at. % of Nd doped crystals. A typical 2" Nd doped crystal is shown in Fig. 4 .
The crystals like this one shown in Fig. 4 were "well shaped", i.e., they had a constant diameter along the pulling axis. Also viewed by naked eye or magnifying glass they did not exhibit any macroscopic defects. After cutting off the cone and the tail parts, the end faces were optically polished and underwent checking in the plane and circular polariscopes, as well as in the optical conoscope (Fig. 5) .
Assessment of gadolinium calcium oxoborate (GdCOB
Let us pay a little attention to this experiment. Our and our colleagues' practice has shown that the core can be omitted in other experiments, like in rentgenographic stu− dies. Especially, when crystals are doped with different ions, the so−called, striations usually are seen in transmis− sion photographs. Our practice shows that one of the striations is always situated at the core boundary. Therefore a transmission photograph of the macroscopic boule, as well as this of a wafer cut perpendicularly to the growth axis, in the parallel beam of light is usually unsatisfactory to check for presence or absence of the core. Another pair of shoes are the samples which are cut parallel to the growth axis, like this shown in Ref. 3 . However, such samples are being rarely cut out from the crystals, since later one may have considerable problems to cut another samples, properly oriented along suitable PMAs.
Why then the core, which is invisible in polychromatic and unpolarized beam of light, and can be also omitted in parallel and polarized beam (the polariscopes), has not been observed by other investigators? In our opinion the reason is so trivial that it can also be funny to some extent. The conoscope is so an uncomplicated optical tool, that every− one can build it up himself from simple components. There− fore, it is rarely (if ever) produced and offered by optical companies. We can believe that its ability to detect even small changes in the refractive indices, are simply unrecog− nized by many young investigators.
In Fig. 5 , one can see an abrupt increase in natural birefringence in the core, since the isochromatic fringes become denser and "thinner" than in the surrounding area. An abrupt change in the lattice parameter can be also observed in X−ray studies (Fig. 6) .
Fortunately, other experiments have proven that unlike in the YAGs, when the core is visible with naked eye, and, besides, it is virtually useless in laser technique, in GdCOB it can be also utilized in optics. In in the natural birefringence was evidenced earlier in the conoscopic image [21] . In practical experiments, it was also confirmed that, e.g., the SH power not necessarily is small− est in the core (Fig. 8) . We would not dare to say that the core is the best part of the crystal to be used in non−linear optics. However, by no means, this is the worst such part.
We have constantly controlled homogeneity of all of our crystals also by means of spectrometric technique (Perkin Elmer Lambda 900 arrangement). Namely, we measured ab− sorption coefficient in at least 3, and at the most in 9 different sample points. Transmission (later, recalculated as the ab− sorption coefficient) curves were taken typically in three dis− tinguished points: close to the core (sometimes in the core it− self), close to the perimeter, and somewhere between the core and the perimeter, respectively. No noticeable differences were observed, and it is also a clear evidence for this that the doping ions were uniformly distributed in the crystals. A cer− tain, however, small, differences, in the values of the absorp− tion coefficient could be seen in samples cut out either close to the cone or to the tail (bottom) parts in the boule. This, however, is obvious to some extent, since the doping ion con− tent may slightly differ in the melt in the beginning and in the end of each process. And since temperature at the growth in− terface may also slightly vary (in the end of the process a no− ticeable heat flow is expected through the already−grown crystal), a certain difference in the distribution coefficient can be expected in the end of the growth process, compared to its beginning.
In Fig. 9 , one can see optical dispersion of the absorption coefficient in GdCOB crystals grown with increasing con− tent of Nd. From this figure, one can conclude that 1 at.% of Nd doped crystals is not recommended for future experi− ments, since the absorption is low. However, beginning with 4 at.% of Nd, one can see a pronounced absorption band between about 780 and 820 nm, which is very impor− tant, since in this part of the spectrum one can find very many laser diodes which are suitable for optical pumping. So, GdCOB is well fulfilling one of the criteria described in Sect. 2. On the other hand, absorption is negligible in the lasing region (Fig. 10) .
Sometimes, a couple of the absorption peaks was more pronounced compared with others, as shown in Fig. 11 . This figure is also a good illustration of the above statements. The three curves that were measured in the sample points can be recognized only in the peaks, and only by using a strong magnifying glass. We have also found that the va− lues of the absorption coefficient in the absorption peaks are almost directly proportional to concentration of Nd ions (Fig. 12 ). This can be used also for trimming of the Q−factor in the laser head.
Laser experiment
Fluorescent lifetime was measured in an arrangement which is schematically shown in Fig. 13 . The technique itself has been described elsewhere [22] . It is worth noting that the lifetime decreases with Nd concentration as observed also by other investigators [23] . Although they used other appa− ratus, values of the lifetime and the rate of decay is quite similar to ours. People interested in this subject are wel− comed to be acquainted with this citation, which also gives a theoretical background and a suitable explanation of the decay. From practical point of view, one may say that dop− ing can be also used in this case, i.e., for trimming of the lifetime. If one is hesitating, e.g., that he should be using 7 at.% doped crystals, instead of those doped with 4 at.%, the lifetime criterion can be useful to make the final decision.
As we have already reported we did not cut different samples for generating SH at different frequencies, neither we paid a special attention to take part in the world's com− petition to get samples for generating at maximal efficien− cies. By the way, the efficiencies reported in the literature are usually somewhat tricky. Firstly, they are never calcu− lated for real samples, but, however, for idealistic samples with zero reflections on their both end faces, as well as for zero absorption of the SH wavelength in the crystal. Besides, since efficiency of the SH is dependent on intensity of the incident beam, but not on the total power of the beam, therefore one is usually strongly focusing the incident beam onto the sample. Obviously, in such an artificial way, in short time one can get enormous SH powers. However, not very late thereafter, a considerable local heating in the sam− ple occurs, and the SH power undergoes a process of diminishing (see Sect. 1 and Ref. 24) .
There was also another important reason for which we cut our samples parallel to the growth b (−Y) direction. We wanted to be absolutely sure that the core will be placed entirely in the sample centre, while the remaining parts of the samples will be free either from the core or from its frag− ments.
Opto−Electron. Rev., 19, no. 4, 2011 A.L. Bajor 445 Fig. 12 . Dependence of the absorption coefficient in the absorption peak at 811 nm on Nd doping in GdCOB. Laser experiments were performed in a classical confi− guration (Fig. 15) containing a laser diode (808 nm) pumped Nd:YAG/Cr:YAG microlaser, an input mirror (HT 1064 nm/HR 532 nm) and an output mirror (HT 532 nm/HR 808, 1064 nm). The laser had a peak power of 5 KW. Pulses of 3 ns and different repetition rates were used. Plane pola− rization of the laser was rotated to be adjusted to the maxi− mum power in the SH generation.
The slabs about 3.7-mm−thick were cut from GdCOB crystals that exhibited largest absorption peaks around 811/ 812 nm (Fig. 16) . Basically, they were oriented for genera− tion of the green SH (532 nm), i.e., at azimuthal angles q = 90°(parallel to the growth direction) and f = 46°(see Fig. 2 ). These angles (PMA) were firstly predicted for by Aka et al. [2] . However, practical experiment by Wang et al. has shown that efficiency of conversion 1064/532 nm in this configura− tion (5.9%) is low, compared e.g. with q = 118.2°and f = 47.8°(43.5%), or with q = 113.2°and f = 47.4°(48%) [13] . Nevertheless, we have also chosen this configuration, since it was not very much departing from q = 66.5°and f = 34.6°, predicted for SHG of the red light (1331/665.5 nm, Ref. 25) . By suitable tilting of the sample, which, certainly, by no means is an optimal procedure in SHG technique, we antici− pated, however, possibility of generating red light from the same sample. Besides, if the sample is cut in the principal XY plane, one can always be expecting to get blue light in Z direction in, the so−called, non−critical phase matching [26] . The samples were not AR coated. The samples were either placed outside the laser cavity or inside the cavity.
In Fig. 16 , one can see laser characteristics of crystals doped with 4 and 7 at.% of Nd, respectively. Obviously, we got larger green powers from samples placed in the cavity. This also means that inside the cavity SFD has been occur− ring. 4 at.% of Nd seems to be better than 7 at.% of Nd, respectively. This result is consistent with literature. Aka and Brenier got larger efficiencies from 5, than from 7 at.% of Nd doped GdCOB in SFD experiment [27] . On the other hand, however, Wang et al. got larger efficiencies from 7, than from 5 at. % of Nd doped YCOB (i.e. from a "twin" material to GdCOB) [28] . It is also worth noting that an addition of 1 at.% of Cr to 7 at.% of Nd in GdCOB (the co−called bi−doped crystal), by no means decreased the SH power in SFD experiment [29] . However, the SH power in samples doped with Cr was only slightly larger than in samples without chromium.
Since our samples were not cut for optimum PMA for red light generation, we used a slightly modified setup, shown schematically in Fig. 17 .
We used Nd:YAG trimmed to 1338 and 1319 nm, as well as Q−switching by Pockels cell. The (output) mirror was highly transmissive (HT) for about 665 nm, and highly reflective (HR) for about 1330 nm. To collect SH at diffe− rent wavelengths (659.5 and 669 nm, respectively), we used optical prism that was placed by the detector. This time, however, 7 at.% of Nd samples were found to be most effec− tive ones (Fig. 18 ). To our best knowledge, this is the se− cond experiment with red SH and the first one in which one is observing two different wavelengths. 
Assessment of gadolinium calcium oxoborate (GdCOB

Conclusions
We made a review of basic parameters of several non−lin− ear optical crystals. We confirmed that gadolinium oxo− borate GdCOB is one of a few candidates to win the com− petition as magnificent SHG and SFD generator. A rela− tively low thermal conductivity is possibly the only draw− back in this material. Therefore, one should always be thinking of a suitable cooling in laser experiments, and especially in this case, when one is aiming at highest possible SH and SFD powers. We noted that there has been a considerable discrepancy in literature concerning values of non−linear coefficients. And by no means, this is only the discrepancy between the− oretical and experimental values. Therefore, one can never be sure whether the value of the effective non−linear coeffi− cient d eff is well predicted for a particular orientation in the crystal. We also noted that very many, and possibly too many, "optimal" orientations (PMAs) have been provided in different publications.
The so−called thermo−optic(al) coefficients, which are equally important to PMAs, have been usually measured by only one lab. Therefore we decided to create a suitable apparatus to measure these quantities, which, however, will be run in the future.
We have developed technology of growing large (2") GdCOB crystals of constant diameters, doped with different ions (Nd or Yb). Earlier, we grew smaller (1") crystals doped with Pr, Tm or Sm, which were also found effective in SHG technique [30] . We have revealed that in majority of the crystals a core is being developed along the puling axis. The core is frequently consuming up to about 20% of crystal width. Fortunately, it was found that the core is not influ− encing basic properties of the crystal, and by no means this is a parasitic structure in SH and SFD techniques.
Although we have not paid special attention to optimize the SH powers (e.g. the samples were not oriented in their optimal directions, they were also not AR coated), we got green (532 nm) and red (659.5 and 669 nm) light from the same samples. To our best knowledge, experiment with the red SH is the second one described in literature, while get− ting two red wavelengths is the 1 st reported case.
